The Staphylococcus aureus lrg and cid operons encode homologous proteins that regulate extracellular murein hydrolase activity and penicillin tolerance in a diametrically opposing manner. Although their specific regulatory functions remain unknown, it has been postulated that the functions of CidA and LrgA are analogous to those of bacteriophage holins and antiholins, respectively, and that these proteins serve as molecular control elements of bacterial programmed cell death. Although these studies demonstrated that cidBC transcription is abundant in B -proficient strains, cidABC transcription was only minimally expressed under standard growth conditions. In this study, we demonstrate that cidABC and lrgAB transcription in the clinical isolate UAMS-1 is induced by growth in the presence of 35 mM glucose and that this enhances murein hydrolase activity and decreases tolerance to vancomycin and rifampin. The effect of glucose on murein hydrolase activity was not observed in the cidA mutant, indicating that the induction of this activity was dependent on enhanced cidABC expression. Furthermore, we demonstrate that the effects of glucose on cidABC and lrgAB transcription are mediated by the generation of acetic acid produced by the metabolism of this and other carbon sources. These results shed new light on the control of the S. aureus cidABC and lrgAB genes and demonstrate that these operons, as well as murein hydrolase activity and antibiotic tolerance, are responsive to carbohydrate metabolism.
Recent work in our laboratory has identified and characterized the cid and lrg operons of Staphylococcus aureus, whose gene products affect extracellular murein hydrolase activity and penicillin tolerance (11, 22, 35) . Disruption of the lrg operon in the laboratory strain RN6390 increased extracellular murein hydrolase activity and decreased penicillin tolerance, whereas disruption of the cid operon decreased extracellular murein hydrolase activity and increased penicillin tolerance (22, 35 ). The precise mechanism by which the Lrg and Cid proteins regulate these two processes is currently unknown. However, the lrgA and cidA gene products display structural similarities to the bacteriophage holin family of proteins, which are known regulators of murein hydrolase activity and ultimately control the timing and onset of bacteriophage-induced cell lysis (4, 11, 22, 35) . Based on these similarities, along with the phenotypic consequences of the cid and lrg mutations, it has been proposed that the cidA and lrgA gene products regulate murein hydrolase activity in a manner analogous to those of holins and anti holins, respectively (4, 34) . Furthermore, it has been recently suggested that the lrg and cid gene products are molecular control elements involved in the regulation of programmed cell death (PCD) in S. aureus (3, 34) .
To better understand the role of the lrg and cid gene products in modulating murein hydrolase activity and antibioticinduced killing, recent studies have been performed to examine the environmental factors that influence expression of these genes. It was previously shown that lrgAB transcription is positively regulated by the LytSR two-component regulatory system encoded immediately upstream of lrgAB (10, 11) . However, the signal to which this system responds has not been identified. Furthermore, lrgAB expression is positively regulated by the virulence factor regulators Agr and SarA (17) . The cidABC operon has been recently shown to be comprised of two overlapping transcripts: a cidABC transcript that is expressed during exponential growth and is detectable only by reverse transcriptase PCR, and a smaller cidBC transcript that is also expressed maximally during exponential growth and is easily detectable by Northern blot analysis (35, 36) . These studies also demonstrated that cidBC transcription is dramatically enhanced by B , whereas lrgAB transcription was downregulated, suggesting that these genes are members of the B stress regulon (36) . Highly propagated S. aureus laboratory isolates such as 8325-4 and RN6390 contain a naturally occurring 11-bp deletion in rsbU (24) , whose gene product regulates the activity of B . Presumably, these laboratory strains do not respond to stress or undergo PCD in the same manner as would low-passage or clinical strains. Based on these findings it was proposed that study of the lrg and cid operons should be carried out in a low-passage clinical isolate in order to better define what role their gene products play in the cell's stress response and/or PCD (34, 36) .
Although the factors that affect expression of the full-length S. aureus cidABC transcript have not been reported, a recent transcriptome analysis of carbon catabolite protein A (CcpA)-and glucose-dependent gene expression in Bacillus subtilis revealed that transcription of its cidAB homologues (ywbHG) was enhanced in cultures supplemented with 1% (wt/vol) glucose (30) . The data generated by our study presented here reveal that both cidABC and lrgAB expression in strain UAMS-1, a previously characterized low-passage clinical isolate (5, 7, 8, 20) , are also stimulated by growth in the presence of glucose. This effect was found to be dependent on the accumulation of acetic acid in the culture supernatant, a consequence of glucose metabolism. Furthermore, murein hydrolase activity and sensitivity to the antibiotics vancomycin and rifampin were greatly enhanced when cells were grown in the presence of glucose. A cidA mutant derivative of UAMS-1 displayed a complete loss of murein hydrolase activity as well as increased antibiotic tolerance, a phenotype similar to that of the previously characterized cidA mutant of RN6390 (35) . These results reaffirm the role of the cidABC operon in the regulation of murein hydrolase activity and antibiotic tolerance and demonstrate that expression of both cidABC and lrgAB is responsive to by-products of glucose metabolism.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The S. aureus UAMS-1 strain used throughout this study is a recently isolated osteomyelitis strain (20) , and supplemented as necessary with 1.5% (wt/vol) granulated agar (Difco). Where specified below, NZY cultures were adjusted to pH 5.0 with either HCl or glacial acetic acid and/or were supplemented with one of the following: 35 mM glucose, 30 mM sodium acetate (Na-acetate), or 30 mM sodium chloride (NaCl). All of these supplements were stored as filter-sterilized stock solutions and were diluted to the appropriate concentration in the culture medium at the time of inoculation. All of the cultures were grown in Erlenmeyer flasks at 37°C with shaking at 250 rpm in a volume that equaled 8 to 10% of the flask volume. All antibiotics were purchased from either Sigma Chemical Co. or Fisher Scientific and were used at the following concentrations: erythromycin (Em; 5 g ⅐ ml Ϫ1 ); tetracycline (Tc; 5 g ⅐ ml Ϫ1 ). Allele replacement of the cidA gene in UAMS-1. KB1050, a cidA mutant derivative of UAMS-1, was created by transferring the plasmid pBF650, previously described and used to create a cidA mutant of RN6390 (35) , by electroporation (39) into UAMS-1. This was followed by growth at the nonpermissive temperature (44°C) in the presence of 2 g of erythromycin ml Ϫ1 to select for cells in which the plasmid had integrated into the chromosome via homologous recombination. To promote a second recombination event, a single colony was inoculated into antibiotic-free tryptic soy broth medium and grown at 30°C for 5 days, with 1:1,000 dilutions into fresh antibiotic-free medium each day. After the fifth day, dilutions of the culture were spread on tryptic soy agar medium to yield isolated colonies, which were subsequently screened for Em r and Tc s . Verification that 142 bp (nucleotides 2626675 to 2626533 of the 8325 genome; http: //www.genome.ou.edu/staph.html.) had been deleted from the 5Ј end of the cidA gene was carried out by PCR amplification and Southern blot analyses.
Measurement of growth, pH, and acetate concentrations. Growth of all S. aureus cultures was monitored by measuring the optical density at 600 nm (OD 600 ) using an UltraSpec 4000 spectrophotometer (Pharmacia-Biotech, Piscataway, N.J.). To harvest culture supernatants, 2 to 3 ml of each culture was centrifuged at 2,000 ϫ g for 15 min, and the culture supernatants were decanted into sterile test tubes. The pH of 1.5-ml aliquots of each supernatant was measured with an Accumet Basic pH meter (Fisher Scientific). One-hundred-microliter aliquots of each supernatant were also stored at Ϫ80°C until used for quantifying acetate concentrations using an acetic acid detection kit purchased from R-BioPharm, Inc. (Marshall, Mich.), following the manufacturer's protocols.
RNA isolation and Northern blot analysis. For all RNA isolations, overnight S. aureus cultures were used to inoculate Erlenmeyer flasks containing an 8 to 10% volume of NZY to an initial OD 600 of 0.1. The cultures were then grown for the period of time indicated for each experiment, and cells were harvested for RNA isolation by centrifugation. Total RNA was isolated using the TRIzol reagent (Invitrogen Life Technologies, Carlsbad, Calif.) and the FASTPREP cell disruptor (QBiogene, Inc., Carlsbad, Calif.) as previously described (14, 31, 33) . For Northern blot analysis, 5 to 10 g of each RNA sample as indicated for each experiment was subjected to electrophoresis through a 1% (wt/vol) agarose gel containing 0.66 M formaldehyde and morpholinepropanesulfonic acid (MOPS) running buffer (20 mM MOPS, 10 mM sodium acetate, 2 mM EDTA; pH 7.0). The RNA samples were subsequently transferred to nylon membranes (Micron Separations Inc., Westboro, Mass.) by overnight capillary transfer in 20ϫ SSC (0.3 M Na 3 -citrate, 3.0 M NaCl; pH 7.0) and fixed to the membrane by baking at 80°C for at least 2 h. Hybridization of the immobilized RNA with digoxigenin (DIG)-labeled DNA probes and subsequent washing and detection steps were performed using buffers and reagents of the DIG system (Roche Applied Science, Indianapolis, Ind.), following the manufacturer's recommendations for Northern blot analysis. DIG-labeled DNA probes were synthesized using the PCR-based DIG probe synthesis kit (Roche) and the primer pairs cidA-FcidA-R, cidB1-F-cidB1-R, and lrgA1-F-lrgA1-R to synthesize cidA-, cidB-, and lrgA-specific probes, respectively (Table 1) .
Murein hydrolase assays. Overnight S. aureus cultures were used to inoculate Erlenmeyer flasks containing an 8% volume of NZY to an initial OD 600 of 0.1 and grown for 16 h at 37°C and 250 rpm. The culture supernatant (containing extracellular murein hydrolases) was harvested by centrifugation for 20 min at 1,900 ϫ g and concentrated approximately sixfold in a Centricon-3 concentrator (Millipore, Bedford, Mass.). Protein concentrations of the concentrated extracellular proteins were determined using the Bradford assay (Bio-Rad Laboratories, Hercules, Calif.), according to the manufacturer's recommended protocols. Quantitative cell wall hydrolysis assays were performed as previously described (22) , except that 50 g of concentrated extracellular proteins was used to lyse a suspension of 1 mg ⅐ ml Ϫ1 Micrococcus luteus cell walls (Sigma), and the turbidity of the samples was determined by measuring the OD 580 . Zymogram analysis of extracellular murein hydrolase activity was performed as described previously (22) .
Antibiotic tolerance assays. Vancomycin-and rifampin-induced killing of UAMS-1 and KB1050 were assessed by dilution plating based on previously described methods (22, 35) , with the following modifications: overnight S. aureus cultures were each diluted to an OD 600 of 0.1 in 125-ml Erlenmeyer flasks containing 10 ml of NZY broth, both in the presence and absence of 35 mM glucose. For assessing vancomycin sensitivity, the cultures were then grown for 2 h at 37°C and 250 rpm prior to the addition of 40 g of vancomycin ml Ϫ1 . For assessing rifampin sensitivity, the cultures were grown for 4 h at 37°C and 250 rpm prior to the addition of 2 g of rifampin ml
Ϫ1 . In both types of experiments, cell viability was monitored by dilution plating.
Light microscopy. Overnight cultures of UAMS-1 and KB1050 were each diluted to an OD 600 of 0.1 in 125-ml Erlenmeyer flasks containing 10 ml of NZY broth, both in the presence and absence of glucose. The cultures were grown for 8 h at 37°C and 250 rpm, and samples were harvested for light microscopy analysis. For preparation of microscope slides, a smear of each culture was heat fixed to a standard glass slide and stained with Gram's crystal violet for 1 min, followed by destaining with deionized H 2 O. Slides of each culture were prepared in duplicate. The slides were then viewed under oil at 1,000ϫ magnification with an Olympus BX41 microscope (Olympus America, Inc., Melville, N.Y.), and images representative of each culture were captured using Magnafire SP (version 2.1B) software.
RESULTS

Transcription of cidABC and lrgAB is induced by glucose.
Previous work in our laboratory revealed that the cid operon is comprised of two overlapping transcripts: a 2.7-kb cidBC tran- script whose expression is B dependent, and a full-length cidABC transcript that is expressed at low, nearly undetectable levels during early exponential growth under standard S. aureus culture conditions (36) . Since the cidA gene product has been postulated to exert a positive effect on extracellular murein hydrolase activity and antibiotic tolerance by acting in a manner analogous to that of an effector holin (3, 34, 35) , we hypothesized that expression of the cidABC transcript is tightly regulated and increased expression may only occur under specific but as-yet-unknown conditions. In this respect, a previously published transcriptome analysis of B. subtilis revealed that transcription of the ywbH and ywbG gene products, which share 34 and 31.9% identity to CidA and CidB, respectively, was induced when B. subtilis was grown in the presence of 1% (wt/vol) glucose (30) . To determine if cidABC transcription is also induced by growth in the presence of glucose in S. aureus, a Northern blot analysis was performed on RNA samples from cultures of the clinical isolate UAMS-1 grown in NZY broth in both the presence and absence of 35 mM glucose (Fig. 1 ). In agreement with previous findings (35, 36) , cidABC transcription was not detectable by Northern blot analysis at any of the time points examined in the control (no-glucose) culture. However, in cultures containing glucose, cidABC was dramatically induced at 4 h growth (mid-exponential phase) and declined to undetectable levels by 8 h. The temporal pattern of lrgAB expression was also affected by growth in the presence of glucose: lrgAB transcription in the control culture disappeared after 2 h of growth, whereas expression of lrgAB was decreased in the glucose culture at 2 h of growth but expression persisted at 3 h of growth and was maximal at 4 h of growth. The 2.7-kb cidBC transcript also appeared to be somewhat upregulated (at time points beyond 4 h of growth) when UAMS-1 was grown in the presence of glucose, but this effect was not nearly as dramatic as that observed for cidABC and lrgAB transcription.
Further analysis revealed that high-level cidABC and lrgAB transcription occurred in media containing a minimum of 25 mM glucose (unpublished data), indicating that this concentration represents a threshold level that results in high-level cidABC and lrgAB transcription.
Effect of glucose on extracellular murein hydrolase activity. Previous work in our laboratory demonstrated that a cidA mutant derivative of the laboratory strain RN6390 displayed decreased extracellular murein hydrolase activity (35) . Given that these findings suggested a role for the cidA gene product as a positive regulator of murein hydrolase activity, and since cidABC expression is increased in cultures containing glucose, we hypothesized that extracellular murein hydrolase activity may also be increased by growth in the presence of glucose. Likewise, we speculated that the phenotype of decreased murein hydrolase activity associated with a cidA mutant would not be affected by growth in the presence of glucose. Therefore, the cidA mutation was transferred to the clinical isolate UAMS-1, and both isogenic strains were subsequently assessed for extracellular murein hydrolase activity when grown in both the presence and absence of glucose (Fig. 2) . As predicted, the extracellular murein hydrolase activity of UAMS-1 was dramatically increased when cultured in the presence of glucose, compared to the UAMS-1 no-glucose control ( Fig. 2A) . By the end of the quantitative cell wall hydrolysis assay (4 h), the no-glucose NZY UAMS-1 sample had solubilized approximately 40% of the M. luteus cell walls, whereas the glucose sample had solubilized nearly 100% of the cell walls. Zymogram analysis revealed alterations in the pattern of murein hydrolases present in the culture supernatants of UAMS-1 grown in the presence and absence of glucose. Specifically, 34-, 50-, and 110-kDa extracellular murein hydrolases were observed in the culture supernatant of UAMS-1 grown in the absence of glucose (Fig. 2B, lane 1) . When UAMS-1 was grown in the presence of glucose, the 50-and 110-kDa murein hydrolases disappeared and the 34-kDa murein hydrolase appeared to be more intense (Fig. 2B, lane 3) relative to its counterpart in the no-glucose culture (Fig. 2B, lane 1) . These observations suggest that the increase in the amount of the 34-kDa murein hydrolase is responsible for the overall increase in activity of the UAMS-1 glucose culture observed in the quantitative cell wall hydrolysis assay ( Fig. 2A) . In contrast to UAMS-1, KB1050 (cidA mutant derivative of UAMS-1) displayed a nearly complete loss of extracellular murein hydrolase activity ( Fig. 2A) , solubilizing less than 10% of the M. luteus cell walls. Furthermore, this loss of activity was unaffected by culturing this strain in the presence of glucose. This loss of murein hydrolase activity was confirmed by zymogram analysis of the culture supernatants of KB1050 grown in the absence and presence of glucose (Fig. 2B , lanes 2 and 4, respectively): in either case, there were no murein hydrolase bands detected. Taken together, these observations suggest that the increased murein hydrolase activity observed in UAMS-1 grown in the presence of glucose was dependent on the presence of an intact cidA gene.
Effect of glucose on antibiotic tolerance. It was also previously found that a cidA mutant derivative of RN6390 displayed increased tolerance to penicillin-induced killing relative to its parental strain (35) . Since these studies suggested a role for CidA in antibiotic tolerance, we likewise assessed antibiotic- (Fig. 3) . Although the UAMS-1 strain was found to produce ␤-lactamase (unpublished data), which precluded the use of penicillin as was performed with the RN6390 laboratory strain, it was found that the cidA mutation had a similar effect on killing induced by the cell wall-active antibiotic vancomycin. As shown in Fig. 3A and C, the cidA mutant (KB1050) displayed increased vancomycin tolerance relative to UAMS-1 when grown in the absence of glucose, yielding almost 1 log unit higher percent viable cell counts compared to UAMS-1 after incubation with this antibiotic. The magnitude of these results was similar to the penicillin tolerance exhibited by the cidA mutant derivative of RN6390 (35) . In the presence of glucose, conditions under which cidABC expression was induced, UAMS-1 displayed a decrease in vancomycin tolerance, exhibiting a 2-log decrease in percent viable cell counts compared to just over a 1-log decrease for UAMS-1 grown in the absence of glucose (Fig. 3C) . Interestingly, the KB1050 strain grown in the presence of glucose also displayed decreased vancomycin tolerance relative to its growth in the absence of glucose, but it still exhibited increased tolerance relative to UAMS-1 grown in the presence of glucose (Fig. 3C) . Surprisingly, similar results were obtained when rifampin, a transcription inhibitor, was used to challenge cultures of UAMS-1 and KB1050 grown in the presence and absence of glucose ( Fig. 3B and D) . Specifically, KB1050 had increased rifampin tolerance relative to UAMS-1 when grown in the absence of glucose, displaying greater than 1 log unit higher percent viable cell counts compared to UAMS-1 (Fig. 3D) . When grown in the presence of glucose, both UAMS-1 and KB1050 displayed decreased tolerance to rifampin relative to the no-glucose cultures, but the cidA mutant still displayed more tolerance to rifampin relative to UAMS-1 under these conditions (Fig. 3D) . Furthermore, UAMS-1 grown in the presence of glucose exhibited a 3-log decrease in percent viable cell counts in response to rifampin challenge compared to just over a 1-log decrease for UAMS-1 grown in the absence of glucose (Fig. 3D) . Collectively, these results illustrate that growth in the presence of glucose confers decreased tolerance to both vancomycin and rifampin and that the cidA gene product contributes to this effect.
It is important to note that the initial inoculum of both KB1050 cultures appeared to be consistently lower than that of the UAMS-1 cultures, as determined by CFU counts per milliliter ( Fig. 3A and B) . However, the initial optical densities, as well as the growth rates of UAMS-1 and KB1050, were nearly identical (unpublished data), suggesting that the lower CFU per milliliter values displayed by KB1050 may have been due to cell clumping. To verify that this was the case, light microscopy was performed on both KB1050 and UAMS-1 cultures grown to early stationary phase (Fig. 4) . Indeed, KB1050 tended to form large aggregates relative to UAMS-1, and glucose did not appear to have an effect on the degree of clumping in either strain (unpublished data). Interestingly, this clumping phenotype was also found to be associated with disruption of the atl-encoded murein hydrolases of S. aureus (42) . Thus, it is likely that the reduction in murein hydrolase activity exhibited by KB1050 is responsible for the clumping phenotype observed with this strain. Acetic acid accumulation induces cidABC and lrgAB expression. In an effort to elucidate the mechanism by which growth in the presence of glucose increases cidABC and lrgAB expression, the growth yield (measured by optical density), pH, and acetate concentrations of both the glucose-containing cultures and the control (no-glucose) cultures of UAMS-1 were monitored. As shown in Fig. 5 , a dramatic drop in the pH (from 7.5 to approximately 5.0) as well as a sharp increase in acetate concentration (from 0 to approximately 25 mM) was observed after 4 h of growth (mid-exponential phase) in the glucose cultures. In comparison, cells grown in the absence of glucose displayed a change in pH from 7.5 to approximately 7.0 and acetate accumulated to approximately 15 mM at 4 h of growth. Therefore, we hypothesized that low pH and/or accumulation of acetate in cultures containing glucose may be the signal that induces high-level expression of cidABC and lrgAB. To test this, a Northern blot analysis was performed on RNA isolated from UAMS-1 cells grown for 4 h in either neutral (pH 7.5) or acidic (pH 5.0) glucose-free NZY medium (Fig. 6) . As expected, growth of UAMS-1 in neutral NZY broth did not increase the expression of either cidABC or lrgAB (Fig. 6, lane  1) , whereas growth in NZY broth that was supplemented with glucose resulted in increased expression of both transcripts (Fig. 6, lane 2) . Growth of UAMS-1 in NZY broth adjusted to pH 5.0 with HCl elevated the expression of cidABC relative to growth in neutral media, whereas an effect on lrgAB expression was negligible (Fig. 6, lane 3) . However, growth in NZY broth adjusted to pH 5.0 with acetic acid had a pronounced positive effect on both cidABC and lrgAB expression (Fig. 6, lane 4) .
The concentration of acetate in NZY broth adjusted to pH 5.0 with acetic acid (approximately 26 mM) was similar to that found at mid-exponential growth when UAMS-1 was cultured in the presence of 35 mM glucose (Fig. 5) . Given that the pK a of acetate is 4.76 (25), these observations suggest that cidABC and lrgAB expression is induced in glucose cultures by the acidic acid that accumulates as a by-product of glucose metabolism as the culture approaches mid-exponential growth (4 h postinoculum). In this respect, UAMS-1 cultures grown in the presence of other utilizable carbohydrate sources, such as sucrose or fructose, induced high-level expression of cidABC and lrgAB at the mid-exponential growth phase and also displayed a concurrent drop in pH and increase in acetate similar to that observed in Fig. 5 (unpublished data) . In contrast, growth of UAMS-1 in the presence of xylose, a nonutilizable carbohydrate source, did not upregulate expression of cidABC and lrgAB and likewise did not display a drop in pH and increase in acetate concentration (unpublished data). Furthermore, the moderately increased expression of cidABC observed in NZY (Fig. 6, lane 3 ) may have been a result of the low levels of acetate that are normally found in NZY at this time point (Fig. 5 ).
To confirm that acetic acid is the signal responsible for stimulating cidABC and lrgAB expression, the ability of 30 mM acetate to induce cidABC and lrgAB expression was assessed by Northern blot analysis on cultures grown for 4 h at a wide range of pH values (4.5 to 7.5) (Fig. 7) . In agreement with our hypothesis, expression of both cidABC and lrgAB dramatically increased in the low-pH medium containing 30 mM Na-acetate (pH 4.5 to 5.5) (Fig. 7) , whereas expression of both of these transcripts was undetectable in the high-pH medium containing 30 mM Na-acetate (pH 6.5 to 7.5). By comparison, cidABC and lrgAB expression was barely detectable at any of the pH values tested in medium containing 30 mM NaCl or in medium alone (Fig. 7) . Furthermore, when several weak acids were tested for their ability to stimulate cidABC expression, it was found that upregulation of cidABC expression was limited to only acetic acid and lactic acid (unpublished data), suggesting that this effect is specific to weak acids produced as by-products of glucose metabolism.
DISCUSSION
This study demonstrates that carbohydrate metabolism has a dramatic impact on murein hydrolase activity and antibiotic tolerance and that these effects can be attributed, at least in part, to changes in the expression of the cid and lrg operons. Metabolism of glucose and generation of acetic acid resulted in increased expression of both the cidABC and lrgAB transcripts during mid-exponential growth. Furthermore, it was found that murein hydrolase activity was increased and tolerance to both vancomycin and rifampin was decreased in these cultures relative to growth in the absence of glucose. Collectively, these observations support the hypothesis that the cid operon positively regulates murein hydrolase activity and tolerance to antibiotics (34, 35) . The fact that lrgAB expression was also increased under these conditions seems counterintuitive, given that this operon has previously been shown to have an opposing effect on murein hydrolase activity and penicillin tolerance (22) . However, similar to the S107 inhibitor holin produced by bacteriophage lambda, LrgA may be able to act as an effector holin under certain physiological conditions. For example, in the absence of the S105 effector holin of bacteriophage , the S107 inhibitor holin was shown to be able to induce cell lysis under conditions that depolarized the cytoplasmic membrane (21) . Our results reported here have also demonstrated that the effect of glucose on cidABC and lrgAB transcription is due to, at least in part, the accumulation of acetic acid in the culture supernatant as a consequence of aerobic glucose metabolism (9), since the effects of glucose on expression of these two operons could be mimicked by the addition of 30 mM acetate to low-pH cultures that did not contain glucose. Interestingly, cidABC expression could also be increased when grown in low-pH (5.0) medium, but the effect was less dramatic than that in medium containing acetic acid. One explanation accounting for this is that the levels of acetate produced by growth in glucose-free NZY medium (Fig. 5) were converted to its acid form when the medium was adjusted to pH 5.0, whereas growth in standard NZY medium does not cause this drop in pH. In addition to the ability of glucose-containing cultures to increase cidABC transcription, increase murein hydrolase activity, and decrease tolerance to antibiotics, a more definitive role for the cidA gene product as a positive regulator of murein hydrolase activity and antibiotic tolerance was also demonstrated in this study. Although we cannot rule out the possibility that the cidA mutant phenotype is due to a polar effect on expression of the cidB and/or cidC genes, two unpublished experiments suggest that this is unlikely: first, Northern blot analysis of KB1050 (cidA mutant) has shown that expression of the cidBC transcript is comparable to the level of expression found in UAMS-1. Second, three different UAMS-1 mutants defective in the cidB and/or cidC genes produced increased murein hydrolase activity compared to the decreased activity observed with the cidA mutant. Unfortunately, attempts at complementation of the UAMS-1 cidA mutant by supplying cidA, cidAB, or cidABC in trans from a plasmid were unsuccessful. However, this was not surprising considering that a similar strategy was previously ineffective in complementing the penicillin tolerance phenotype of KB350, the cidA mutant derivative of RN6390 (35) . Collectively, these observations suggest that the phenotype of KB1050 is likely caused by a defect in CidA itself rather than an effect on the downstream cid genes.
Previously, a cidA mutant of the laboratory strain RN6390 displayed a decrease in extracellular murein hydrolase activity and increased penicillin tolerance (35) . However, the phenotype of an isogenic cidA mutant of the clinical isolate UAMS-1 was more dramatic, as it displayed a complete loss of extracellular murein hydrolase activity. This loss of murein hydrolase activity displayed by the cidA mutant was also unaffected when this strain was grown in the presence of glucose, suggesting that the increased extracellular murein hydrolase activity observed in UAMS-1 when grown in the presence of glucose may be a result of increased expression of the cidABC transcript. The cidA mutant displayed increased tolerance to the inhibitory effects of vancomycin and rifampin relative to UAMS-1, which is also reminiscent of the increased tolerance previously observed for the RN6390 cidA mutant to penicillin (35) . The similar growth rates of the cidA mutant and parental strains, as well as of cells grown in the presence or absence of glucose ( Fig. 3A and B) , rule out the possibility that differences in antibiotic tolerance are attributable to growth rate effects. Furthermore, these results illustrate that the cid operon affects tolerance to antibiotics with two distinct cellular targets, supporting the previously proposed model that one or more of the cid gene products mediates a common cell death mechanism in response to antibiotic stress (34) . KB1050, the cidA mutant of UAMS-1, also formed aggregates of cells when growing in broth culture relative to growth of UAMS-1 (Fig. 4) , and this cell clumping was reflected by the fact that the CFU of KB1050 per milliliter was consistently lower than that of the parental strain (Fig. 3A and B) , despite the observation that the OD 600 values of both of these strains were comparable (unpublished data). In light of these observations, it is possible that the increased antibiotic tolerance observed in KB1050 may be attributable to the clumping phenotype of this strain. However, the fact that the cidA mutant derivative of RN6390 does not display cell clumping (unpublished data) yet is still more tolerant to penicillin-induced killing relative to its parental strain (35) supports the idea that the antibiotic tolerance displayed by KB1050 is a consequence, at least in part, of loss of the cidA gene. Since the cidA mutant derivative of the standard laboratory strain, RN6390, did not display cell clumping when grown in either the presence or absence of glucose (unpublished data), it is likely that other, as-yet-unidentified strain-dependent differences account for the ability of the cidA mutation to confer a clumping phenotype in UAMS-1 and not in RN6390. These differences are likely attributable to the observation that the RN6390 cidA mutant only displayed a modest decrease in extracellular murein hydrolase activity (35) , whereas the UAMS-1 cidA mutant displayed a nearly complete loss of extracellular murein hydrolase activity. Previously, an S. aureus atl mutant was shown to form large clusters of cells (42) , and inactivation of specific murein hydrolases in other bacteria has led to incomplete cell separation, such as long chain formation in a lytB mutant of Streptococcus pneumoniae (15, 18) and long-chain formation in B. subtilis containing multiple murein hydrolase mutations (6) . Therefore, the loss of one or more murein hydrolase activities in the cidA mutant of UAMS-1 may be responsible for its cell clumping phenotype. Collectively, these results demonstrate that the cidA gene product regulates extracellular murein hydrolase activity and antibiotic tolerance in a similar manner in two distinct genetic backgrounds.
A significant finding of this study was that acetic acid, a product of glucose metabolism, was capable of inducing transcription of cidABC and lrgAB. The exact mechanism by which glucose metabolism and acetic acid promote high-level expression of these transcripts is unknown. It has been postulated that the undissociated forms of certain weak organic acids are capable of permeating the cell membrane and subsequently dissipating the proton motive force (2) . Therefore, one possibility is that the effect of acetic acid on expression of the cid and lrg operons is simply due to general stress induced by weak acids. However, unpublished data from our laboratory have shown that among several weak acids tested, only acetic acid and lactic acid were capable of stimulating cidABC expression, suggesting that this response is specific for acids produced as by-products of glucose metabolism. Another possibility stems from the observation that the CcpA protein of B. subtilis has been shown by microarray analysis to regulate the expression of ywbHG (homologues of the S. aureus cidAB genes) when grown in the presence of 1% (wt/vol) glucose (30) . Thus, one prospect is that S. aureus CcpA may also influence expression of cidABC and/or lrgAB when grown in glucose. However, it is important to consider the possibility that the results of the microarray performed by Moreno et al. (30) may also have been attributable, in part, to an indirect effect that deletion of ccpA had on the levels of acetic acid production. The S. aureus ccpA gene was recognized by transposon mutagenesis as contributing to methicillin resistance in strain COL (16) , and various purine biosynthesis and glycolysis genes were identified by microarray analysis as being induced in response to vancomycin in vancomycin intermediate-resistant S. aureus strains (29) , suggesting that glucose metabolism may be involved in resistance to this antibiotic. A second possible mode of regulation stems from the fact that the cidC gene encodes a putative pyruvate oxidase (36) . The PoxB pyruvate oxidase of E. coli produces acetate and carbon dioxide as by-products of the oxidative decarboxylation of pyruvate in stationary phase (1, 12, 13, 19) . Whether or not acetate production by a cidCencoded pyruvate oxidase, in combination with the drop in pH that occurs as a consequence of metabolism of glucose, could represent an autoregulatory mechanism that induces high-level expression of cidABC and/or lrgAB is currently being investigated in our laboratory.
The ability of acetic acid to stimulate high-level expression of cidABC and lrgAB is intriguing, since these gene products have been recently postulated to be involved in bacterial programmed cell death (34, 3) . Weak organic acids such as acetic acid and lactic acid have long been used as preservatives in food preparation. However, the exact mechanism by which they exert their antibacterial properties is still unknown (38, 37, 41) . Could they function by inducing programmed cell death in bacteria by inducing expression of cidABC and lrgAB? Although more evidence is required to support this idea, a recently published study by Somerville et al. (40) has demonstrated that inactivation of the tricarboxylic acid cycle in S. aureus prevented catabolism of acetate in late exponential growth phase and enhanced survival in stationary phase. Based on these results, they proposed that acetate is required as an energy source for promoting cell death in stationary phase (40) . Acetic acid has also been shown to elicit cellular changes similar to mammalian apoptosis in the yeast species Saccharomyces cerevisiae (26, 28) , Zygosaccharomyces bailii (27) , and Candida albicans (32) . These changes included Annexin-V staining, DNA fragmentation, and production of reactive oxygen species. Additionally, programmed cell death in response to treatment of S. cerevisiae with acetic acid has been shown to be dependent on mitochondrial function (26) , an exciting observation given that the LrgA and CidA proteins have been proposed to perform functions analogous to the Bax and Bcl protein families that facilitate induction of apoptosis via the mitochondrial pathway (3). As well, the short-chain fatty acids propionate and acetate, produced by two Propionibacterium species, were identified as cytotoxic components found in the bacterial culture supernatants that were capable of inducing apoptosis via the mitochondrial pathway of two colorectal carcinoma cell lines (23) . Specifically, the culture supernatants as well as the purified short-chain fatty acids were able to cause several apoptotic phenotypes, such as loss of mitochondrial membrane potential, generation of reactive oxygen species, and nuclear chromatin condensation (23) . Involvement of the mitochondrial pathway was illustrated by the finding that induced Bcl-2 expression was able to protect the cells against the effects of acetate and butyrate (23) . Whether or not these systems are functionally homologous to the cid/lrg regulatory system described here is the subject of future investigations.
